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Unité de recherche INRIA Rocquencourt
Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex (France)



























































































[/!PDFP,^_gfFHoYCXZPqod^_gCoPcPgCoPgfV_\O]\eTRraHF 5&7698 :<; KWgCo>=¡Pg
g
PDffqb?=¡FLKN[[LKNFLo
































































































































































































































































ËË ½ts æ ê<uqÑ
:  6) &b&q#6t &"& 
o E ^_[ 		+&<!,b
	 +. 	









f/yPnXZfHJF^_[!YagCKWV_fPDFPqo/raPg aDcf  j ^_[R








































]\Z@;+Zf fOf< BTRV_PqKWFV_\=+6>. O%9
 g 8 2; ^_f//KW[/HJ]
[PFyPqo frCKNf/fr









POyJPqXZfHF[=HW EC d @Lz<B,^_[hKNgHFfr
HJIHgKWV!KNFFLKn\HW[fFPg






































RAW§&S§>T#%#§&!UL(4V  .lq1-q " W -	10&10p)	& q1 $&	&10p ced%f<i<iDigf,c ] &	5q1 (*qb&l(* H& -.&10 W*X ." E?@c d1f<iDi<if,c ] BX 	 ..e."&<b+$&7"' &5( +,#"Y X  #&  	q1			p&<!b 5 !Z	 +. 	
-t,e."e& -/."& 0 W   & q\[>  KNM] Y X EC d @;M1B
" >."#	^	 P'&	."`_& &		&[ !P!	_<.  $%	 W 6
Aq1q+!&\[ X    ,	* 





































IJFHYac HNh HJFM KNg#]PV_^jKNg#IFHJY












n Ô!Ë n ¿
 
	

















c @" m f# ABb 66 K@XZ\
XZV_^6X:IJFHYacHWHFZoPFHObfr












'¡£ 	 	)(( *  I &q G 0)c	 P0&
_	<-/P	*+.'	!-"
$A.&	&1	_%	<- I a &q G a 6+ . .'."&	& ,	P_	<-K!-, 67I 1 G + I a 1=G a 6. 	-/ 6 @













V6KWF\OHNfraPHFPM :  : HW"FPDVl[ZKWFfPH@ 8 @ ; cCKWIJP :2 B












PHJFPM :  : HN FPV_[LKNFfPhXKWg]PA/F^_ffPgKW[RHV_V_HW/[q
9;:£§W£	=<(>+ .t&		&[5" !_5!t&)D 3  G  . O%9 	^	 *+	."`_1& 	 +.  !	&  X
O +$  X !	_<.  &q q1@? .  &q>/\[H 













9;:£§W£	JI(>+ .* ! EIW']H^ W#` +  !.Z	q 			p&<!  b P&q> [H LK
KM>W ` fKN >W ] fnzBAO587#@PN B8A Df D
FEHQ n
k iFf#N
m k E?@;iBfM mP67
 	D6 /r
^_[XZHJgCo^_f^_Hg^l[[YReXk^lPDgf<IWRP!/F^lfPTSU OHV WHF!X FEHY[Z\ O k>i9f#N m|bN/^lfr,fraPXZHJgyPgf^_HJgSU OHV W 6 =/r






KM  W ` fKND>W ] fqzBAC587b@NB^A Df D
O EHQ r















ËË ½ts æ ê<uqÑ
{  6) &b&q#6t &"& 
   	 />",	
"  *Rs e>	
>!	 " Uß$A' ")*"+,>
[!cH^_gfPqoHY
f¡]\HG@KNY




































































































































 EXI/WH^ W']X 	 .	 -k X +[& @?f?B -"	D +D&
	&q bD	''	q1	 
 5&qH/\[A  ." O"1  &		&[ 	 .<Dl	^	  &	 ."l$,	5! E @WB +5& @!Of fOf< B 	."`_&
&		&^[
 A&qH\[#  E  ."<q1	9D	 & @c fB `[<,TH&<!ADq  $	 W  <*D&	 \[7&	
	* .Zq& q+,&  k  6




  c ] C $ 6 , % @cZf $ B"6 z5  5 , % @c   O
$ f,c'& $ B
 B, % @cZf $ B"6X ]#"  U  c>] C  $  +5."(P&^b_% 	 _<.15H	&<,	!) 6
























[fFYCXZf^_Hg:[YaIIPD[fPno:^_g 8 z :<; KNgCo!PRH]




















V_P[A@;i d fi h fi d   U i h fi d    i h BR/r
PDFP U f   " m 
n Ô!Ë n ¿
 
	
	 !"#$%	'&)(*+,'& -/."&10 u
/r









KLiD / f<KNM/fqzBA`5 7 @cM B_A Df ]D






POF^lgaI " m b ]CPqXDKWY







fLKN^lgb KN[!KAXZHFHV_V6KWF\&HNÕ/raPHFPM 2 b
frCKWf./ ^l[KNghHJFfraHIHJgCKWV
KNFFLKn\AHNÕ[fFPDg







V_P[A@ci dfi h<fi d   : ihfi d   zz%ihBR^l[/KWgHJFfraHIHJgCKWV
KNFFLKn\dHW[fFPg
IJfr@Q=HWyPF_" d  /r
PDgbCKN[!cH^_gfPqoHY
















































































































[ 8 z 2; 
  J
	
   >	
	
"



























(PV Pf@0B d	    ]P,K«KWMd^_Vl\HWY
gCXZf^lHJg
[DI
0*IW ^ WQ6 / f//r
PFP  A>+




gCXZf^lHJg 0=FHJM W  =fH /,]\&0/@ci d f<iDi<ifi  B 6 @0 d @;i d BfDi<i<if10  @ci  B,BDV Pf / ]P,KY
gCXkf^_Hg9I





E I W   ^ W#`
@;i d f<i<iDifi  B^ / @0 d @ci d BfDi<i<if10  @ci  B,B
RAW§&S§>T#%#§&!L(4V 5$	T[ 0 +)0&p& qb&qP !/>+  !.[	q 	t		+&<!b' 	*+.'	!-"
, /*X .&/ 0    !. 	q1			p&%
>'A	*+. 	!-"* W  6
 	D6 V Pf Mj W#`KNgCoV_Pf	 6 aBd%f<iDi<if 
j ]PeK D«PV_PMdPgf,[Ya]







P/^_fr@FP[cPqXZf,fH /eb / C d @PM B^_[AKWg@HJFfraHIHJgCKWVKWFFLKn\
/^_fr  XZHJg
[fFLKN^lgf[qb[fFPg
IJfr KWgo ^_gCoPk .HWyJPFfr
PKWV_c
rKW]Pf /eA^_yPDg(KyJPqXZfHJF U 6@ U  \ f<i<iDif U  B- / 
 b¡fr
P@gY
M:]PF:HN|PDVlPDMOPgf[ 6 @df<iDi<if  B- /  ^_g /C
d @M1Bd[YCXr frCKWf




gCXZf^lHJgZ@;i  \ fDi<i<ifi  B^ @ 0  \ @;i  \ BfDi<i<i,f10  @ci  BKNgCo:]\20 fr
P/YagCXZf^_HJg@;i \ f<iDi<ifi  B^ @ 0  \ @ci \ Bf<iDi<if0 ! Z  @ci! Z  B,BD=¡\@KW[[Y
MOcaf^_HgbJPyJPF\ 0  ^_[!]CKNV6KWgCXZPno?C
fr
^_[/PgfLKW^_V_[RfrCKNf5 0 C d @ U  B56b5 W 5  C  
/r
PDg K  6 @   \ f<iDi<if  ! Z  BDb 0 C
d @  BR^_[K=[Ya]
[PfAHN W  #^C
  HN[^_P=5 W/5   C   #C
  
 gfraP,[LKNMOP
/Kn\ 5 0 C d @ U B%56 5 W/5   C   
,KWgCo @ 0 C d @ U B,B#" E$  ^_[K=cCKNFf^lf^_HgOHN@W  B
4PgCXZPAPyJPF\ D«fY
c
V_P/HW*@W  B 
 KWcacCPqKNF[KN[!fr
Pc
FHqmZPqXkf^_HgdHg% HNPZCKXZfV_\*.,5 W/5   C   #C
 
PV_PMdPgf[^_g>@ /& 0BC d @M1BD fMOPqKNg








RAW§&S§>T#%#§&!'('(4V  E]6 /) 0    !.K	q 	H		+&<! b
	 +.Z	!-t, W  &q> 
Kz A  A &X80 +  !. 	q1	Z		+&<!Kb  	*+. 	!-A, W*X . E +  a !. 	q1	
		p&<!  b	 +.>	!-"* W 	 ."	  a 6 @   zDB@8  zDB.& z 6
 	D6 V Pf*76 W  KWgCo N-+* 
P,/F^_fP N/6 @PN d%f<i<iDigfN  Bf#N  ,*>/raP 4KWMOMd^¾g
















KND-*  f/z;A3/ 7b@PN B8A f D
[EHY Z \  %V [E4 !
k>i9f#NDmP67
HW ^¾5/ 7b@PN B m :KNgCo 587@PN B k @-  zDB@   z<BbfraPgfr
PFPh^_[,KWg@^_gCoPZ0Q az1f<i<iDif j [YCXrfrCKWf,z;A3587'@N  B8Agq/raPg@RP&IJPf/]\OV_PMdMeK/QI
D
FEHY[Z\ PV [EHQ76 !
k iFf#N
mP6 D
O E8 Z\  %
D
FE9 Z\  O
k i9f#NDm
n Ô!Ë n ¿
 
	
	 !"#$%	'&)(*+,'& -/."&10 w
6 D
O E8aZ \ %
 






PA«KJXZfHJF[)X  E9 Z\  O   k>i fN  m^_[/PFHCa/rYa[RP&HJ]
fLKN^_g9I
KND>W   f/zBA`587b@PN B!A  a!f D
[EHYFZ\  V FE Q76 !









9;:£§W£	 '&',(V H$%	T[ 0 +  ,	7"P	*+. 	!-t, W & q>  / +  !. 	q1	H		p&%

b 
	*+.Z	!-"5, /DX . /) 0 +  a !. 	q 	 		p&<!Z' 	*+. 	!-l WDX
	 .	  a 6 @    zDB@_  z<B.& z 6
A§CW§  
W¤' UL(V $%	T[ 0    ,	7"	*+. 	!-"*, W &q  -/K+  ,	7" 	 +.>	!-"
, /*X .&/ 0    a ,	"	*+. 	!-", WDX 	 ."	  a 6 @    z<B@8  zDB.&#z 6
/raPcCKNFLKWMdPfPDF[RHWfraP&HJFfr
HIJHgCKNVCKWFFLKn\[60 C d @  Bf /sKWFP@
O  C  f+ZfOf< BbH. 9 6 O  C  C,9/r




HJIHJgCKWVCKNFFZKn\[EC d @1BfA W#`/^_frcCKNFLKWMdPfPDF[A@


















o^lf^_Hg @[PqXZf^_HJg 2 ^_g 8 zn{ ; BKWgCo]\@XZHMdcCHJ[^_f^_Hg
/^_fr=K/cPFM:Y











W¤' (L(2*  0  I W  ^ W  f  6 z1f<iDi<if  0   ,	7
	 +.>	!-"* W
&q / I@W  B ^ W  0A."#&1q1q+!$%	 W  6 + .">."l-<Dqt
 E +P&  a ,	7"
!]	*+. 	!-"* W 	 ."	  a 6  @    zDB.&#z 6
EI W   ^ W 
@ci dDfDi<i<ifi  B^ 0d@;i?dB   i<iDi   0  @ci  B
A§CW§  
W¤'<8(2*  0 I W  ^ W  0Z&  ,	7 !>	 +.X	!-A, W &q / 0&









































ËË ½ts æ ê<uqÑ
z%  6) &b&q#6t &"& 
    
	

                    
                    
                    
                    
   












































































V>PfB0 d 630 h I .32 h ^ . hh@ci d Ci h Ci 2 B ^ @;i d   i h Ci d   i 2 B/r
^_[RYagCXZf^_HJge^_[AzZFP[^_Vl^_Pgf//^_frFP[cPqXZfAfH4. hJ




V_P  8 ^_[/IJ^lyJPg]\ I






/ ^_[AzZFP[^_Vl^_PgfR/^_frOFP[cPqXZfAfHA. hh KNgCo:^_fR^l[Rg
HJg
V_^lgaPqKWF/KW[/KAY
gCXZf^lHJg:FHM @5. h B ? HgfHB. h [^_gCXZP/ @ci d Ci h Ci 2 Ci ? B"6 i d   i ?   i h i 2  gi h i ? /r
P=XZHMdcCHJ[PqoY
gCXZf^_HgZEZIC.EDh ^6. h
E @ci d1Ci h<Ci 2 CiF? Ci  Ci D B67i d   ih   i@?6  i D   i?di    i di D   i 2 i    i 2 i D ^_[/fraPg 2 FPD[^_V_^lPDgf/^_frFP[cPqXZfAfH4. hW
 f[!fFY
frOfZKW]







n Ô!Ë n ¿
 
	
	 !"#$%	'&)(*+,'& -/."&10 zz
7999999:
 =zAz,zAzP 4AhzAz,zAz,zAzAz,zQ    =z&zz&z
 =zAz,zAzP 4AhzAz,zAzP  =zAz,zAz,zAzAz,zQ4A4
 =zAz,zAz,zAz&zz     =zAz,zAzP  =z&zz&z
:zAzP =z,zQ:zQ4z&zQ=zP=zQ:zQ=zP=zP=zQ:zQhz hz
:zQ:zQ=zP=zP=z&z 4=z,zQ=zQ:zQ=zP=zP=zAzP hzz 








V>PfB0 d 630 h IC. Dh ^ .2 h




PnXMKWfF^ HNfraP|XkHoP  b
, 6 7: zP :zAzQ:zQ:zQ=z=zP=zAz ;>




V Pf ]PKFHHfAHNc 2   c   z=KWgCo VlPDf]Phfr
Ph]a^ mkPqXZf^_HJgFHJM . h HgfH&":oPZCg
Pno@]\
KNgf	F@
  B"6 KWgCoF@c B"67a
/r
PDg@!P,oPkCg
P / KN[DI/ I'. h 1 . h ^ .*h




PhKoao^_f^_Hgd^l[RcPFHJFMdPqod^lg ",KWgo C d @ci B/oPgaHfPD[fraP,V_HWR«RP^_Irf]
^_f/HNC d @ci B
=¡\ XZHga[fFYCXZf^lHJgb / ^_[ezk«FP[^_V_^_Pgfh/^_frFP[cPqXZfdfH .12 h   / ^l[:XZHJg
[^6oPFPqo#KW[:KdY
gXZf^_Hg HWyPF
@5. h B D bRPAH]
fZKW^_gOfr
P,]HHV_PqKWgHFMI/ @ci d Ci h Ci 2 CM d CM h CM 2 B 67i d  /M d  /i d M d  /i d M h  /i d M 2  /i h M d  /i h M 2  /i 2 M d  /i 2 M h  /i d i 2 M d  i d`M dTM 2   i?dTih M d`M 2   i di hTMhM 2  gi dTi 2 M dTMh!  i di 2 M d`M 2   i hTi 2 M dTMh^_gCXkP / ^_[K]HHV_PqKNgY
gXZf^_HgHN|oPDIFPDP : bfraP XkHMOcH[PqoY
gXZf^_Hg E 6 / 0^_[K]HHV_PqKNg
YagCXZf^_HJge/^_frznQyKWF^6KN]

























Yaf[qb 66  qQ  ]





gXZf^_Hga[@ 0  B/KWgo / b 66 








I  + Vx
p/[/FPq`JY












[^_Hg V   6  l- !_ bzqu"@«Q BIÙQ
z%QJQwab KNc
F^_Vznwvva
ËË ½ts æ ê<uqÑ
znQ  6) &b&q#6t &"& 













































gXZf^_Hga[q  g  	D6+0<. V, ,,  [l-< 
.  q1&<![!  l- 	    b
cKWIPD[ 2 w{  : u
bzqwJvH@a










































r\ g0V    <	
 	<q_<P  *	T[-/`_%	&-/. [H&q  <q_ Vb>zqwJw 2 
8 w ; , GG@KNY





















8 zz ; TA E
Xr

































[n$V , , , + 	&6 V <	Tb6 + ."	T[ b R 2 "@c@ BIÙuuJ{uJvHab
zqwJv : 




XZF\cafLKWgKWV_\[^_[HN G/F : KNgCo@Ax ¡p,

























[n"V, , ,=+ 	&6 V D	Tb6 + ."	 [ b
 R 2: @ 2 BI @J{w @uazbzqwJvva

















n Ô!Ë n ¿
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